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Abstract: Bioaerosols lead to human health diseases and composting plants are one of the main 
sources among human activities. In this study, a survey was conducted on such plants to evaluate 
bioaerosol risk management. A questionnaire was used to collect information on plant location, 
process types, collective and personal protective equipment, bioaerosol and particulate matter 
monitoring data, and occupational surveillance. We examined the data produced by 11 plants 
located in Italy. Self-control bioaerosol monitoring showed a global contamination index mean of 
9908 CFU/m3 underlining a higher concentration (a) in plants with only aerobic process (CPs) with 
respect to plants that also combined anaerobic treatment of the waste (ADCPs) (p < 0.05) and (b) in 
facilities with biocells with respect to windrows (p < 0.01). Workers are generally more exposed 
when working without vehicles. Some areas such as pre-treatment and screening are more prone to 
higher bioaerosol concentrations, requiring more efficient collective protective equipment. 
Particulate matter monitoring showed concentration in line with occupational exposure limits for 
inhalable dust (1862 ± 1729 µg/m3) and breathable dust (276 ± 126 µg/m3), however, organic particle 
exposure risk assessment has to be carefully reviewed. Improvements in the training program, 
process design, and health surveillance are desirable as major preventive tools. 
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1. Introduction 
Composting is a biotechnology for waste treatment and management. It is based on aerobic 
biological transformation of organic biomasses, typically the organic fraction of municipal solid waste 
(OFMSW) and agricultural waste, performed by a dynamic microbial community. The treatment can 
also be integrated with anaerobic digestion [1,2]. There are four main phases of the whole process: 
biomass reception and mixing; biological treatment (anaerobic digestion or/and active composting 
time); screening; and the final product storage. Generally, the final products are humic substances 
used as fertilizer in agriculture [3]. A specific regulation in terms of compost quality is imperative [4]. 
In the last few years, the amount of collected organic waste has risen. Biological process plants 
are increasing and adopting integrated anaerobic and aerobic treatment, thanks also to the 
reconversion of already existing plants [5]. In Europe, from 1995 to 2016, the organic matter treatment 
had an increase of 5.2%, moving from 14 million tons to almost 40 million tons of organic waste [6]. 
The quantity of organic waste can occasionally be too high for the existing plant’s capacity, causing 
waste management issues and a potential higher contamination. 
Biomass manipulation contributes to bioaerosol and particulate matter emissions [7], therefore, 
the plants must have aspiration and air filtration systems, which are generally combined (e.g., 
biofilters and scrubbers). These systems are commonly used only for indoor processes, while the 
outdoor processes benefit from the dilution effect due to the fast dispersion, typical of an open 
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environment. The term bioaerosol defines aerosolized particles with a biological origin like bacteria, 
fungi, virus, protozoa, algae, pollen, endotoxins, and other biologically derived particles [8,9]. 
Bioaerosol could be a potential risk for workers’ health, especially in composting plants, where the 
organic matter composition is extremely heterogeneous [10]. Moreover, the complexity in microbial 
species and compounds is one of the main reasons for explaining the lack of occupational exposure 
limit values (OELs). Therefore, the interpretation of the bioaerosol exposure analysis is not clear yet 
[11]. Nevertheless, the microbial component of bioaerosols may represent a primary indicator of 
biological risk for human health and it is potentially associated with the onset of infectious diseases, 
allergies, and respiratory conditions such as asthma and rhinitis [12]. Generally, in composting 
plants, bioaerosol inhalation involves a modulation of gene expression at the respiratory level, 
activating an atopic inflammation [13]. Some authors have suggested an association between 
Actinomyces and hypersensitivity pneumonitis in composting workers [14,15]. However, nowadays, 
it is not possible to establish a causal link epidemiologically [16] nor a clear quantitative association 
between exposure and health effects [11,17–19]. Therefore, biological risk associated with bioaerosols 
deserves particular attention in order to identify the pathogens and opportunistic pathogens and 
their interaction with human organisms with the purpose of safeguarding human health. To this 
purpose, Basu et al. proposed a questionnaire to assess the health effects of bioaerosol exposure, 
which demonstrated adequate reliability when used within the analyzed composting workforce. The 
authors assessed the questionnaire reliability using the internal consistency approach denoted by 
Cronbach’s alpha (α). They only used closed queries without specific measurements [20]. 
The aim of this study was to describe the Italian composting plant scenario by submitting a 
questionnaire to available composting facilities, associated with the Italian Composting and Biogas 
Consortium (CIC), in the Italian territory. Moreover, the results, obtained from the analysis of the 
questionnaires, are summarized in order to describe and evaluate the biological risk due to bioaerosol 
exposure and its management strategy by Italian composting plants. 
2. Materials and Methods 
2.1. Questionnaire 
The Department of Public Health and Pediatrics (DPHP) of the University of Turin and the CIC 
created—in agreement—a questionnaire to submit to the Italian composting plants syndicated by the 
consortium (Figure 1). The requested data were divided into different sections containing 
information about the types of treated waste, plant and process description, plant location, indoor 
and outdoor phases, air flux management, production and management of process waters, number 
of workers, tasks and exposure to work environment, personal and collective protective equipment, 
work environment hygiene, monitoring results regarding bioaerosol and environmental particulate 
matter, and occupational health surveillance. 
More than 80 questionnaires were sent to the facilities and 11 were filled out by plant managers 
and sent back (13%, corresponding to the expected participation for this type of project in the waste 
treatment context). CIC anonymized the completed questionnaires and sent them to DPHP. The 
coverage results of the answers were quite heterogeneous due to the complexity of the questions and 
limited time availability declared by the plant operators. Nevertheless, the adherence to 
questionnaire compilation was quite good: seven plants supplied more than 75% of answers, two 
plant answered more than 50% and two plants answered less than 50% of the queries. Whereas the 
plants did not supply the requested information, integrations were requested and where the 
information was accessible, the plants answered with the missing data. The questionnaire is 
presented as Supplementary Materials Table S1. 
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Figure 1. Flowchart of the selection process of the plants. CIC= Italian Composting and Biogas 
Consortium. 
2.2. Data Analysis 
The quantitative data reported are the outcome of the data elaboration; the raw data are not 
disclosed. The 11 plants were divided into three categories in relation to the different process or the 
type of waste used, and those represent an overview of the Italian composting plants:  
 GWCP (1 plant): Green Waste Composting Plants use only green waste such as greenery, leaves, 
and ligneous waste; 
 ADCP (4 plants): Anaerobic Digestion plus Composting Plants use the green waste and organic 
fraction of municipal solid waste; 
 CP (6 plants): Composting Plants use green waste and the organic fraction of municipal solid 
waste and only aerobic treatment is performed. 
For occupational exposure analysis, the work-tasks were grouped into four macro categories 
following a shared evaluation between CIC and DPHP. The partition considers that a higher exposure 
relates to a longer time spent working outside vehicles, on the ground, directly in contact with the 
matrix or near the matrix [21]. Exposure profiles were finally defined as: (1) workers in vehicles for 
most of the time and occasionally on the ground, representing 13% of the employees; (2) workers that 
spend similar times both in vehicles and on the ground, representing 54%; (3) workers that spend 
most of the time on the ground as the maintainer, representing 30%; and (4) technical employees who 
work in the office and also spend time in the operative department, representing 3%. Volume to mass 
adjustments were also made to homogenize data and allow for an optimal analysis. The following 
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conversions were made for waste storage: (a) 1 dm3 = 0.5 kg for OFMSW and (b) 1 dm3 = 0.3 kg for 
agricultural waste. 
DPHP, in agreement with CIC, identified the following areas, defined in relation to the presence 
of bioaerosol sources: (1) reception, storage, and pre-treatment; (2) anaerobic digestion; (3) 
composting; (4) screening area; (5) technical space; (6) offices and changing rooms; (7) cabin; (8) 
outdoor area; and (9) biofilters or scrubbers. 
2.3. Microbiological Analysis 
Private labs chosen by each plant performed the analyses. The reported methods were different 
but referred to the UNI EN 13098 regulation [22]. A total of 81% of the plants reported monitoring 
data for occupational bioaerosol concentrations, 54% of the plants reported particulate matter 
concentrations, and 18% of the plants reported no monitoring. Moreover, 36% of the plants also 
reported contact microbiological concentration data in some areas. On average, the bioaerosol 
monitoring reported was 1.6 ± 1.3 for each plant. The plant design conditioned the distance of the 
sampler from the source; however, the UNI EN 13098 includes the necessity of reporting such 
information without a numerical indication. 
The biological parameters used for bioaerosol monitoring are bacteria count at 22 °C, bacteria 
count at 30 °C, mesophilic bacteria, fungi, Gram-negative bacteria, Gram-positive bacteria, Clostridia, 
total coliforms, Enterococcus spp., Enterobacteria, Pseudomonadaceae, Staphylococcus spp., Aspergillus 
niger, Escherichia coli, Salmonella spp., and Staphylococcus aureus. 
Occasionally, personal microbiological monitoring was evaluated (3/11) before and after the 
work shift for the following parameters: bacterial count at 30 °C, E. coli, Enterococcus spp., Clostridia, 
Salmonella, molds, yeasts, and Legionella spp. One plant used colony forming unit (CFU) per swab and 
the data was converted to CFU/m2, knowing that one sample corresponds to CFU/10 cm2 [23].  
The global index of microbiological contamination (GIMC) and the index of mesophilic bacteria 
contamination (IMC) were calculated as reported in Dacarro et al. [24]. 
2.4. Statistical Analysis  
The statistical analysis was conducted with the software IBM SPSS (IBM Corp. Armonk, NY, 
USA) version 25. A descriptive analysis was performed, followed by statistical analysis: (1) a log 
transformation to non-normally distributed data; (2) the Pearson’s correlation to assess relationships 
between variables; (3) Mann–Whitney U test to compare means; and (4) Analysis of Variance 
(ANOVA) for multivariate analysis followed by a Tukey post-hoc test for multiple comparisons. The 
mean differences and correlations were considered significant for p < 0.05 and highly significant for 
p < 0.01.  
3. Results 
3.1. Area Description 
The process phases were conducted in specific areas and four macro sections could be identified 
for all of the plants. 
(1) Area of reception and mixture of inbound organic waste (as reported in point 1 of Section 
2.2): Designated to receive organic waste with different types of vehicles, stock, and pre-treat 
biomasses. The waste bag shredding, the potential sifting, and the different types of organic waste 
mixture generally compose the latter phase. 
(2) Area of biological treatment (as reported in points 2 and 3 of Section 2.2): Designated for 
composting and anaerobic digestion processes. The aerobic phase is performed in biocells or in 
windrows; the anaerobic digestion phase is performed in closed reactors. 
(3) Area of screening and final product storage (as reported in point 4 of Section 2.2): Designated 
to compost screening, mainly represented by the sifting process. 
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(4) Areas with different characteristics (as reported in Section 2.2 from points 5 to 9): Consist of 
technical space, office and changing room, cabin, outdoor area, and biofilters or scrubbers.  
3.2. Plant Design, Process, and Management Description 
The 11 investigated plants had similarities and differences, outlined by the quantity of waste in 
the various process areas. A wide variability was observed, especially between CP and ADCP:  
 In the reception area, an average of 1920 m3 of organic waste in CPs, 7667 m3 in ADCPs, and 1000 
m3 in GWCP are stocked;  
 In the composting area, an average of 17,683 m3 of biomass in CPs, 5427 m3 in ADCPs, and 53,300 
m3 in GWCP are stocked; and 
 In the final product area, an of average 4200 m3 in CPs, 2000 m3 in ADCPs, and 7300 m3 in GWCP 
are stocked. 
The minimum–maximum quantity of waste in tons per year is reported in Table 1 and takes into 
consideration all of the investigated plants.  
Table 1. Minimum and maximum quantity of waste processed in tons per year (OFMSW = organic 
fraction of municipal solid waste). 
Waste Typology Minimum (Tons per Year) Maximum (Tons per Year) 
OFMSW 19,124 96,000 
Greenery  3680 34,700 
Others 1 2400 12,198 
1 Others: digested sludge, materials derived from mechanical treatment of waste, and heavy dusts 
derived from the thermal process. 
Air changes (Table 2) were actualized by all of the investigated plants, except for the GWCP. In 
fact, the latter only treats greenery waste in open or semi-open environments. Air mean volume in 
the reception was <10.000 m3 with a wide variability and the number of air changes was around 2–3 
changes per hour, except for a local, when internal volumes were higher (eight changes per hour). 
Air mean volume in composting is around 19,600 m3 with three to five air changes per hour. In the 
screening area, the air mean volume was lower, around 10,200 m3 with three air changes per hour.  
Table 2. Descriptive analysis of air changes in the three main operative areas. 
Areas Volume Area (m3) 
Number of Changes per Hour 
 Mean Standard Deviation 
Reception 9686 5373 2–3 
Composting 19,601 10,987 3–5 
Screening 10,196 2923 3 
The GWCP conducts all operational processes such as reception, stocking, manipulation, and 
biomass treatment outdoors in a service area. Screening and final product storage occur outdoors, 
although they are protected from the rain by a canopy. Biomass is moistened during the biological 
process, according to necessity. Moreover, the sanitation phase is monitored via occasional 
temperature measurements of stacks (daily) to verify the observance of directives of 55 °C for a 
minimum of three days [25]. 
On the other hand, CPs typically perform all the operational processes in indoor environments 
except, occasionally, for the reception, storage, green waste grinding, and maturation phase. Biomass 
is moistened during bio-oxidation and slow maturation phases; biomass stacks are oxygenized with 
turning stack machines when windrows occur or with forced aeration when biocells occur. 
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Generally, in process areas, exhausted air is redirected to be reutilized in biological processes in 
biocells to insufflate the biomass, then it is sent to depuration via biological filtration. In detail, two 
plants exclusively used biofilters and four plants used biofilters combined with scrubbers. The 
sanitation phase is monitored via continuous or manual temperature measurements of stacks, in 
order to comply to the directives of 55 °C for a minimum of two days to a maximum of three days 
[25].  
Furthermore, ADCPs conduct all the operational processes in indoor settings except, 
occasionally, the reception and green waste storage. Biomass is moistened during digested sludge 
bio-oxidation and biomass stacks are oxygenized with automatized turning stack machines when 
maturation windrows occur or with forced aeration when biocells occur. The sanitation phase is 
monitored via continuous temperature measurements of the stacks, in order to comply to the 
directives of 55 °C for a minimum of three days to a maximum of five days [25]. 
Water management is reported in Supplementary Materials Table S2 for the three plant 
typologies. CPs and ADCPs did not show substantial differences regarding the processing of waters, 
except for the management: ADCPs treat the leachate and process waters by sending them to third-
party facilities while CPs generally recover the water and reuse it directly. GWCP only treats wheel 
washing, green storage, and meteoric waters that are treated by third-party facilities and recovered 
and unloaded in sewer and shallow waters, respectively. 
3.3. Biological Risk for Workers 
Biological risk in composting plants is typically linked to the contact frequency of organic 
biomasses. As reported in the questionnaires, all workers received proper biological risk training, as 
demanded by law [26]. The average number of workers involved in all the investigated composting 
plants was around 40. Workers may be in contact with inbound waste, before and after the 
composting process, and in the screening area. Very low frequencies were declared for waste bag 
shredding, feeding the shredder-mixer, weigh station, and the manipulation of organic and green 
waste. Low frequencies were declared for reception, cleaning and unblocking of the biomass 
treatment pipeline, biocell loading, screening, composting monitoring, and mechanical and electrical 
maintenance. 
Those responsible for reception, composting, and screening, which operates both in vehicles and 
on the ground, can be in contact with the organic matrix at a medium or high frequency (25–30% of 
workers). 
Number of shifts for all the tasks and activity can vary from one to three per day, in relation to 
the organization of the facility. Identified exposure ways are inhalation, contact, and ingestion, and 
workers can also be exposed to bloodborne pathogens. Occasionally, extraordinary events can occur 
and emergency procedures are declared such as spills or punctures from syringes or cutting objects. 
3.4. Occupational Monitoring 
3.4.1. Bioaerosol and Contact Microbiological Analyses 
Nine plants out of 11 performed periodical occupational bioaerosol monitoring in selected areas. 
In three plants, monitoring was conducted every six months; in one plant every year; in two plants 
every three years; and only in one plant every five years. Two plants did not declare their frequency. 
Regarding the collected data, the general microbial parameters investigated by the facilities are 
reported in Table 3. 
Table 3. Descriptive analysis of occupational bioaerosol monitoring. 
Parameters 
(Log CFU/m3) 
N Minimum Maximum Mean Standard Deviation 
Fungi and yeasts 78 1.000 4.646 2.907 0.816 
Escherichia coli 65 0.000 3.778 0.933 0.861 
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Enterococcus spp. 59 0.301 4.288 1.550 1.081 
Bacterial count at 30 °C 51 1.699 4.875 3.490 0.645 
Mesophilic bacterial count 34 2.041 3.778 2.958 0.504 
Bacterial count at 22 °C 32 2.114 4.410 3.270 0.500 
Staphylococcus spp. 28 0.000 2.114 0.968 0.531 
Pseudomonadaceae 27 0.000 1.799 0.935 0.410 
Staphylococcus aureus 26 0.301 1.643 0.790 0.396 
Total Coliforms 20 0.000 2.575 0.732 0.797 
Clostridia 16 0.000 2.574 1.368 1.113 
Salmonella spp. 16 0.000 2.574 1.067 1.116 
Legionella spp. 14 0.000 0.000 0.000 0.000 
Total bacteria 12 2.000 3.322 2.734 0.427 
Molds 8 1.574 3.477 2.702 0.687 
Enterobacteria 8 0.602 2.628 1.215 0.851 
Gram-negative  6 1.477 3.176 2.432 0.656 
Gram-positive  6 2.000 3.279 2.775 0.571 
Actinomyces 1 2.690 2.690 2.690 - 
GIMC - 2.458 4.897 3.996 - 
IMC - −0.07 −0.638 −0.366 - 
Note: CFU = colony forming unit; N = number of measurements. GIMC = global index of microbial 
contamination; IMC = mesophilic bacteria contamination. 
Fungi and yeasts were the most analyzed biological parameters, others were E. coli, Enterococcus 
spp., and bacterial counts at 22 °C and at 30 °C. The least studied parameters were Enterobacteria, 
Gram-negative and Gram-positive bacteria, and Actinomyces. Two facilities also tested Aspergillus 
niger positivity (data not showed). Two rising interesting parameters were Legionella spp., which was 
investigated by only two facilities, and Actinomyces, which was analyzed by one plant. 
GIMC showed an average high contamination of >10,000 CFU/m3 for the investigated plants and 
a low IMC (<3). 
Moreover, a descriptive analysis was performed between the bioaerosol concentration and the 
type of treated biomass: mixed (greenery and OFMSW) and greenery (Table 4). Only the greenery 
plant investigated a few parameters: bacteria count at 22 °C, mesophilic count, fungi and yeasts, 
Staphylococcus aureus, Enterococcus spp., Escherichia coli, and total coliforms. Statistically significant 
differences for comparable parameters included Enterococcus spp., Escherichia coli, Staphylococcus 
aureus (p < 0.01), and total coliforms (p < 0.05). 
Table 4. Descriptive analysis of statistically significant biological parameters in relation to treated 
waste typology. Mixed = 10 plants, greenery = 1 plant. CFU = colony forming unit. 
Parameters 
(Log CFU/m3) 
Mixed (CP and ADCP) Greenery (GWCP) 
p-Value 
Mean Standard Deviation Mean Standard Deviation 
Staphylococcus aureus 1.007 0.262 0.301 0.000 <0.01 
Enterococcus spp. 1.865 1.076 0.704 0.485 <0.01 
Escherichia coli 1.140 0.901 0.301 0.000 <0.01 
Total coliforms 1.020 0.934 0.301 0.000 <0.05 
Moreover, a descriptive analysis was performed between the bioaerosol concentration and 
process type divided into only aerobic and aerobic plus anaerobic digestion. Analysis showed a 
higher concentration in CPs with respect to ADCPs. For four parameters, such differences were 
statistically significant: bacteria count at 22 °C (3.936 vs. 3.160 Log CFU/m3; p < 0.05); fungi and yeasts 
(3.366 vs. 2.631 Log CFU/m3; p < 0.01); Enterococcus spp. (2.801 vs. 1.310 Log CFU/m3; p < 0.01); and E. 
coli (1.516 vs. 0.833 Log CFU/m3; p < 0.05).  
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Therefore, the following analysis focused on the differences between the distinctive plant 
designs: biocells or windrows and service area. In Table 5, microbiological parameters that 
significantly varied are shown. In detail, fungi and Staphylococcus spp. resulted in higher biocell 
plants with respect to windrows plants (p < 0.01). 
Table 5. Descriptive analysis of investigated parameters in relation to biocells, windrows, and service 
area application. CFU = colony forming unit. 
Parameters 
(Log CFU/m3) 
Biocells Windrows Service Area 
Mean 
Standard 
Deviation 
Mean 
Standard 
Deviation 
Mean 
Standard 
Deviation 
Fungi and yeasts 3.228 0.591 2.457 1.068 2.967 0.195 
Staphylococcus spp. 1.206 0.519 0.651 0.365 . . 
Staphylococcus 
aureus 
1.000 - 0.000 1.017 0.408 0.301 
Enterococcus spp. 2.137 - 1.027 1.238 0.943 0.704 
Escherichia coli 1.368 - 0.907 0.506 0.502 0.301 
Total coliforms 1.547 - 1.017 0.492 0.468 0.301 
Moreover, an analysis of the bioaerosol concentration was performed in relation to the ADCPs’ 
plant design, which can be either biocells or windrows. The statistically significant differences were 
bacterial count at 22 °C (3.450 vs. 2.838; p < 0.01), fungi and yeasts (2.994 vs. 2.457; p < 0.01), 
Staphylococcus spp. (1.401 vs. 0.651; p < 0.01), and E. coli (1.136 vs. 0.506; p < 0.01) with a higher 
concentration for the biocell design.  
The same analysis was conducted for CPs using biocells or windrows. The data only showed a 
significant difference for bacterial count at 30 °C, being higher in windrow plants (4.086 vs. 3.501; p < 
0.05). 
In order to outline different microbial concentrations in the various areas, an analysis of 
bioaerosol levels in the nine areas was conducted. Statistically significant differences were observable 
for Enterococcus spp. and E. coli. Enterococcus spp. concentrations were higher in the reception with 
respect to technical spaces, offices, and changing rooms (p < 0.05); in composting with respect to 
technical spaces, offices, changing rooms, and cabins (p < 0.01); and in biofilters and scrubbers with 
respect to technical spaces and cabins (p < 0.05). On the other hand, E. coli concentrations were higher 
in composting with respect to offices and changing rooms (p < 0.05); in biofilters and scrubbers with 
respect to the reception, offices, and changing rooms, cabins, technical spaces, and outdoor areas (p < 
0.05). The highest bioaerosol concentrations of E. coli and Enterococcus spp. were reported in the 
biofilters and scrubbers (2500 CFU/m3 and 19,400 CFU/m3, respectively). Generally, the results of the 
concentrations were scattered and it was possible to observe that bacterial count at 22 °C correlated 
with bacterial count at 30 °C (Pearson’s rho = 0.826; p < 0.01), Gram-positive bacteria (Pearson’s rho = 
0.997; p < 0.05), and fungi and yeasts (Pearson’s rho = 0.548; p < 0.01). Moreover, the fungi and yeast 
counts correlated with Clostridia (Pearson’s rho = 0.674; p < 0.01). 
Finally, four plants also performed contact plate microbiological monitoring in the reception, 
digestion, technical spaces, offices, changing rooms, and cabins. Higher bioaerosol concentration was 
detected for bacterial count at 22 °C in technical spaces (2.51 ± 0.11 Log CFU/m3); bacterial count at 
30 °C (2.66 ± 0.96 Log CFU/m3) in the reception; for mesophilic count (2.59 ± 0.54 Log CFU/m3) in 
cabins; and fungi and yeasts (2.03 ± 0.22 Log CFU/m3) in the reception. No statistically significant 
differences were detected. 
3.4.2. Personal Microbiological Analysis 
Before the work shift, the average concentration was 429.50 ± 1123.74 CFU/m2 for bacterial count 
at 30 °C and 1750 ± 1767.77 CFU/m2 for fungi and molds. After the work shift, the average 
concentration was 23.02 ± 36.53 CFU/m2 for bacterial count at 30 °C with a maximum of 33 CFU/m2 
in the reception. Moreover, after the work shift, 3300 CFU/m2 was registered for molds in one plant. 
For the remaining parameters, the concentration result was <10 CFU/m2. 
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3.4.3. Particulate Matter Monitoring 
Questionnaire data elaboration showed that six plants out of 11 performed particulate matter 
monitoring. No plant conducted airborne endotoxin analysis. In the ADCP, the inhalable and 
breathable dust were low and acceptable with concentrations below 5.32 and 0.35 mg/m3, respectively 
(Table 6). 
In Table 7, the concentrations detected in the CPs are reported and the environmental PM10 
reached a maximum of 7.80 mg/m3 in the composting area. 
Table 6. Inhalable and breathable dust monitoring at the ADCP facilities. ADCP = anaerobic digestion 
plus composting plants. 
ADCP Facilities  Minimum Maximum Mean Standard Deviation 
Inhalable dust (mg/m3) 0.38 5.32 1.77 1.69 
Breathable dust (mg/m3) 0.22 0.35 0.28 0.12 
Table 7. Particulate matter and inhalable dust monitoring for the CP facilities. CP = composting 
plants. 
CP facilities Minimum Maximum Mean Standard Deviation 
Inhalable dust (mg/m3) 6.60 6.60 6.60 - 
Environmental PM10 (mg/m3) 0.83 7.80 3.19 2.34 
Environmental PM2.5 (mg/m3) 0.25 0.87 0.57 0.26 
Environmental PM2.5/PM10  0.12 0.29 0.19 0.08 
Personal PM10 (mg/m3) 0.65 2.11 1.20 0.79 
Personal PM2.5 (mg/m3) 0.04 0.05 0.04 0.005 
Personal PM2.5/PM10 0.02 0.06 0.04 0.02 
3.5. Plants Location 
Plants are generally located in areas designated for agriculture or near small industrial facilities. 
In adjacent areas (<0.5 km), the presence of wastewater treatment plants is often reported and at 
further distances (>0.5 km and <1 km), agricultural businesses, livestock, and woods are located. 
Moreover, nearby some plants, other facilities such as farming or wastewater treatment plants are 
located, which could represent both a source of bioaerosol and a barrier to the dispersion of 
emissions. Plants that have green areas such as woods and agricultural fields within 500 m revealed 
higher bioaerosol concentrations; in detail, the difference was statistically significant for the bacterial 
count at 30 °C (11,452.15 ± 19,058.34 vs. 2386.50 ± 3020.45 CFU/m3); fungi and yeasts (5478.79 ± 11,496 
vs. 1494.45 ± 2070.01 CFU/m3), and Staphylococcus aureus (15.25 ± 14.41 vs. 6.44 ± 4.09 CFU/m3) (p < 
0.05). Regarding the plants confining with industrial facilities (eight out of 11), a higher bioaerosol 
concentration was observed for bacterial count at 30 °C (10,549.55 ± 16,877.5 vs. 2887.98 ± 6712.85 
CFU/m3); Escherichia coli (127.57 ± 434.08 vs. 5.23 ± 11.63 CFU/m3); and total coliforms (55 ± 44.64 vs. 
2 ± 0 CFU/m3) (p < 0.05).  
3.6. Work Environment and Personal Hygiene 
As disclosed in the questionnaires, the vehicle cabins and the changing rooms were regularly 
sanitized. Changing rooms offer clothes separation between dirty and clean and the dirty clothes are 
entrusted to industrial or their own laundries. All workers must take a shower at the end of every 
shift or after operating in potentially contaminated environments.  
All plants have adopted disinfestation and rodent control procedures, but not every plant 
conducted a periodic control for insects and other vectors, birds included. Internal or external 
specialized personnel perform these control procedures. 
3.7. Personal and Collective Protective Equipment 
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Plants employed collective protective equipment (CPE) that can intervene more or less 
efficiently on the contaminating source before a single worker is involved, or that tend to reduce the 
impact of hazardous substances on the workers in a specific environment. The CPE adopted by the 
investigated plants were as follows: waste partitioning, aspiration or localized aspiration, air change, 
cabin and control room filters, dust exhaustion, biofilters, sleeve filters, and general cleaning. 
Moreover, to reduce biological risk, personal protective equipment (PPE) was employed and 
designated to be worn by the workers with the purpose of protecting them against one or more risks 
present in the working environment that can threaten the worker’s safety or health. The PPEs adopted 
by the composting facilities were homogenous and the different tasks did not require great 
discrepancies. Proper personnel education for the third category of PPEs—complex design 
equipment designated to safeguard death risks or serious injuries—was declared by 54% of the 
plants, but the four remaining plants could not be classified as not educated. For task 1, the PPEs 
were as follows: gloves, coverall, goggles, filtering mask filtering face piece 1 (FFP1), FFP2, and FFP3, 
safety shoes, ear defenders, and helmet. For tasks 2 and 3, the PPEs were as follows: gloves, coverall, 
goggles, filtering mask FFP1, FFP2, and FFP3, safety shoes, ear defenders, helmet, breathing 
apparatus, escape hoods, and ABEK masks with combined filters against multiple hazards (A = High-
boiling (>65 °C) organic compounds, B = Inorganic gases, E = Sulfur dioxide and hydrogen chloride, 
K = Ammonia and amines). Non-disposable PPEs were generally inspected before the use or weekly, 
and were revised according to the instruction manual and periodically sanitized. 
3.8. Occupational Health Surveillance  
The analysis of the questionnaire data showed that medical check-ups were set every year and 
imposed some variable health checks. All occupational medicine checks established blood and urine 
chemistry tests (azotemia, glycemic index, creatinine, total protein, Complete Blood Count (CBC), 
transaminases, Hepatitis B Virus (HBV), Hepatitis A Virus (HAV) and Hepatitis C Virus (HCV) 
antibodies detection). Another test performed was the spirometry exam to evaluate a potential 
pulmonary function decrease every one to three years. Other performed exams were an eye 
examination (every one to two years), vertebral column functional evaluation, coproculture, and 
parasitological examination. No forced expiratory volume in 1 second (FEV1) and forced vital 
capacity (FCV) were reported by the facilities, although a decrease in respiratory parameters could 
be associated with exposure to organic matrices, as reported in the literature [27–30]. 
Facilities offer directly vaccination for tetanus (45% of the facilities), hepatitis A (36%), typhus 
(0.9%), and flu (0.9%), while other vaccinations are only suggested (27% of the facilities). Among 
these, there were also vaccinations against hepatitis B. As declared by the facilities, no case of injury 
or occupational illness was related to biological risk throughout the company history. A few specific 
pathogen risk assessments in relation to work tasks were reported. Two facilities indicated HIV, HBV, 
and HCV as biological agents that can represent a low risk for workers operating in the composting 
area, while the risk of contracting tetanus is medium for workers on vehicles. Furthermore, the risk 
of contracting hepatitis A, which is transmissible via the fecal–oral route, was considered by most of 
the plants to be negligible for workers in vehicles in the composting area. 
4. Discussion 
In the last few decades, biological risk for composting workers has been of great interest to 
researchers, however, the risk assessment in a real situation of a full-scale plant is not complete. Due 
to the high heterogeneity of the processes and the sampling methods, the conducted analysis is only 
descriptive, with the aim to outline a general view of bioaerosol presence and characterization as well 
as supplying an objective description of the microbial concentration in order to improve risk 
management. 
4.1. Bioaerosol Influencing Factors 
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Regarding plant locations, the facilities were mostly established near areas destined for 
agricultural use, small industrial plants, or woodlands. These settings are characterized by a 
background level of bioaerosol, influenced by both natural and anthropic factors, which is often not 
considered in the bioaerosol analysis. The presence of green barriers has a particular influence on 
fungal levels, while the presence of livestock activity or a wastewater treatment plant influences the 
bacterial concentrations [31,32]. 
The screening and biological treatment areas were characterized per se by a bioaerosol diffusion 
that could be inhaled by the workers. 
The majority of the investigated plants were CPs that treated OFMSW and greenery waste. 
OFMSW represents the most processed type of waste by these facilities, with a range between 19,000 
and 96,000 tons per year. The organic fraction quantity is increasing every year and represents an 
issue for waste management. Some Italian regions are exporting high quantities of organic and 
general urban waste due to the high demand and low number of facilities for waste disposal [5]. This 
entails a higher associated cost as well as an overload of the existing plants.  
4.2. Analysis of the Management Practices 
To date, there is still a lack of implementation of standardized procedures for microorganism 
characterization in different environments, even if technical procedures and guidelines are available 
[22,33]. Moreover, since the human response to bioaerosols can vary, accepted and shared 
international threshold limit values or occupational exposure limits for biological agents are still 
missing. Notwithstanding, some countries have proposed acceptable limits. For example, Germany 
set acceptable concentrations of 104 CFU/m3 of fungi (including Aspergillus spp.) in workplaces [34], 
and Russia proposed limits for fungi and Actinomycetes ranging from 103 to 104 cells/m3 [35]. 
Moreover, the UK Environment Agency proposed the following acceptable bioaerosol levels: 1000 
CFU m3 for total bacteria and 500 CFU/m3 for Aspergillus fumigatus at 250 m from the facility [36]. In 
Poland, the Polish Committee for the Highest Permissible Concentrations and Intensities of Noxious 
Agents in the workplace proposed limits of 100,000 CFU/m3 for mesophilic bacteria and 50,000 
CFU/m3 for fungi count [37]. 
Microbiological analysis showed that fungi and yeasts were the most analyzed parameters and 
two plants also tested for Aspergillus niger, a mold that together with A. fumigatus is associated with 
the onset of pulmonary infections [38]. The positivity was detected in an outdoor area of a CP and in 
a vehicle cabin of a GWCP. Aspergillus spp. can potentially cause a broad spectrum of respiratory 
illnesses, allergic bronchopulmonary aspergillosis (ABPA) and allergic aspergillus sinusitis, 
aspergilloma and invasive diseases including invasive aspergillosis, airway invasive aspergillosis, 
and chronic necrotizing pulmonary aspergillosis [39,40]. Poole et al. described two cases of allergic 
bronchopulmonary aspergillosis in a team of 28 garden waste (compost) collectors and suggested a 
pre-employment screening and regular health surveillance to confirm or exclude any professional 
illness [41]. Fungi concentrations results were consistent with the reported data in the literature 
[13,42] but higher than the proposed limits. 
Moreover, a high concentration of E. coli and Enterococcus spp. in mixed waste suggests that the 
bioaerosol produced from heterogeneous sources including OFMSW, implicated a higher presence 
of enteric microorganisms [43,44]. The registered concentrations were consistent with the literature 
[43]. 
The anaerobic and aerobic treatment significantly reduced the microbial concentrations for 
bacterial count at 22 °C, fungi and yeasts, Enterococcus spp., and E. coli. Data showed that the 
application of biocells was associated with high bioaerosol concentrations, could be due to the high 
amount of residual waste moved by the vehicles that carry the biomass, unlike the windrow 
application that uses conveyors. 
Limited to the collected data from the questionnaires, ADCPs that utilized windrows had a 
lower bioaerosol concentration with respect to biocell systems. This result seems to be unusual and 
probably conditioned by the time of opening and closing of the cells, however, it has to be supported 
by an analysis with more facilities and with the evaluation of both the plants’ peculiarities and the 
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presence of a previous step of anaerobic digestion. It has to be outlined that anaerobic digestion could 
be a precious biological phase that preliminarily treats the organic biomass with respect to 
employment of only the aerobic treatment. 
CPs that utilize biocells or windrows did not show statistically significant differences for 
bacterial count at 30 °C; this missing difference could be due to the lack of a previous step of an 
anaerobic phase. There were also differences in bioaerosol concentration in the different areas and as 
expected, the most contaminated areas were the reception, biofilters and scrubbers, and composting. 
The high E. coli and Enterococcus spp. concentrations in the biofilters and scrubbers was probably due 
to a significant microbial growth, which was presumably caused by poor management of the area. 
Generally, the levels decreased in the area from the beginning to the end of the composting process. 
This may perhaps be due to the biological treatment that degrades and modifies the organic matter 
and consequently the aerosolized microbial community.  
The particulate matter monitoring showed high levels, but were in line with the occupational 
exposure limits for particles not otherwise classified (PNOC) (3 mg/m3 for the breathable fraction and 
10 mg/m3 for the inhalable fraction) [8]. However, a characterization of such particles is desirable as 
it increases the knowledge of the human health effects of primary biological particles as well as to 
exclude or estimate the proportion of a particular dust such as wood, for which more rigorous limits 
are demanded [8]. In CPs, the PM10 levels were lower than both the European Union (50 µg/m3 day 
mean) and World Health Organization (WHO) (20 µg/m3 year mean) Environmental Air Quality 
Guideline values; PM2.5 levels were lower than the WHO limits (10 µg/m3 year mean) [45]. 
No plant conducted airborne endotoxins analysis, despite it being a significant component of 
bioaerosols in composting facilities, and some national regulations include parameters such as a 
reference for bioaerosol concentration [34]. Endotoxins are related to the onset of respiratory 
symptoms and a continuous occupational exposure at elevated concentrations (>200 endotoxin unit 
per m3) is linked to the onset of chronic obstructive disease of the respiratory system [46].  
Personal microbial monitoring showed high concentrations of molds in one plant after the work 
shift, but the facility did not declare any criticality during the process. A reduction in the personal 
microbial load after the work shift is undoubtedly desirable. Madsen et al. intervened in the form of 
a combination of attention to and knowledge of hygiene and adherence to a few basic guidelines with 
the aim of reducing the exposure to airborne microorganisms and improving hand and truck cabin 
hygiene. The measures applied by the waste collection workers resulted in a reduction in bacterial 
and fungal concentration, but only slightly in the reduction in exposure to airborne bioaerosols. Basic 
procedures such as keeping the cabins clean and tidy, using hand sanitizer multiple times a day, and 
using clean gloves every day could help with personal microbial reduction [47].  
Workers can be in contact with the organic biomass in different areas of the facility, but 
frequency differs in relation to the task. Therefore, a higher use of vehicles reduces the contact with 
the organic waste, thus lowering the risk [21]. The first weapon against bioaerosol diffusion is the 
collective protective equipment (CPE) used by all plants, except for GWCP, which processes the 
organic waste outdoor. CPEs contain the bioaerosol dispersion as much as possible, especially in 
some areas that are more prone to bioaerosol emissions such as screening and biological treatment. 
The individual protective equipment represents the last chance to contain bioaerosol diffusion since 
it is desirable to have functioning and efficient CPE first. Indeed, the employment of proper risk 
containment systems (e.g., cabins with filters) is useful in the reduction of the risk to acceptable levels 
[15]. 
It has been suggested that exhaustion systems such as local aspiration and water nebulization 
are used to limit the diffusion of dust, despite the latter introducing a risk factor for the inhalation of 
Legionella spp., which is ubiquitous in water. In the literature, it is reported that compost can represent 
a Legionella spp. reservoir, but a minimal infective dose is still unknown [48,49]. Moreover, all the 
plants conducted disinfestation and rodent control procedures, but only a few adopted measures for 
controlling insects and other vectors. It is well known that insects can be vectors of diseases such as 
Lyme disease and Shigellosis [50,51], therefore facilities need to implement specific measures for 
these issues. 
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Regarding occupational health surveillance, a competent physician is generally an external 
consultant. An occupational physician collaborates with the risk evaluation and suggests appropriate 
preventive measures such as HVB, HVA, and tetanus vaccination. Nevertheless, the vaccinations 
were proposed only in a few plants. Even if vaccination is a useful preventive tool, it is not the most 
exhaustive for the prevention and control of biological risk. In a cross-sectional study, Bünger et al. 
tested workers for specific antibodies for molds and Actinomycetes as immunological markers of 
bioaerosol exposure. They concluded that a high exposure to bioaerosols by compost workers was 
significantly associated with a higher concentration of precise antibodies against molds and 
Actinomycetes as well as a higher frequency of health complaints and diseases [52]. Therefore, 
periodical serological screening investigations are desirable to investigate antibodies for specific 
microorganisms and to track the actual exposure of the workers to biological risks, with respect to a 
control population even without symptoms. Moreover, coproculture and parasitological examination 
could also exclude transmission in the workplace and secondary cases outside the facilities. 
4.3. Study Limitations  
The CIC sent around 80 questionnaires and only 13% (11) of the facilities completed it, resulting 
in 3.2% of Italian composting plants. This appears to be quite a good result, also considering that this 
has been the only survey conducted in Italy on composting plants. In fact, it would probably not be 
possible to obtain data without the collaboration of the CIC. On the other hand, the selected plants 
do not reflect the complete complexity of the reality of Italian composting. Moreover, the 
participation was influenced primarily by the plant type. The answers were mainly obtained by 
plants with certain characteristics such as larger facilities and expansion goals in the Italian territory. 
Waste treatment managers are generally hesitant to participate in investigations as they are worried 
about the surrounding communities and their perception regarding human health risks and 
environmental quality. 
Some investigated facilities did not supply complete satisfactory replies to the queries. 
Furthermore, the plants could have selected the data to show in the questionnaire, dismissing 
perhaps other data, resulting in an underestimation of the declared concentrations; on the other hand, 
the reported concentrations were already high. 
The produced data may vary due to sampling phases, different seasons, and sampling 
variability. There are currently no guidelines on the microbiological parameters to evaluate for a 
biological risk assessment, but the samplings were conducted using standard procedures. 
5. Conclusions 
The occupational risk associated with bioaerosol exposure is not negligible around the world 
nor in Italy. The majority of plants have rapidly changed, which has also changed its management in 
relation to the expansion of the economic interest in such fields of activity. This survey included only 
voluntary participatory plants and it can be seen as an evaluation of the best managed plants in Italy. 
The topic is relevant in relation to both the increase in the treated waste and the exposed workers. 
The concentration levels were higher in all of the process phases, but particularly in the reception and 
storage area and in screening. These values were above the proposed exposure limits by some 
international organizations [34]. A significant difference could be observed mainly with respect to 
the nature of the treated waste and the treatment process (anaerobic and/or aerobic). 
The microbiological parameters can be simplified to total bacterial count at 30 °C, also 
considering the thermophilic conditions of the majority of the process; fungi and yeast; Enterococcus 
spp.; and E. coli. Such parameters could be useful bioaerosol bio-indicators of contamination derived 
from human and animal feces, providing a warning for possible health hazards. Moreover, Clostridia 
and Bacillus can be useful for their resistance ability. 
There are no clear guidelines for occupational surveillance activities; therefore, the 
homogenization, for example, of medical examination frequency among the plants, is due.  
Finally, better risk assessment and management will be reachable only through an improved 
characterization of both bioaerosol and organic particulate matter. 
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